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New brain lesions after carotid revascularization
are not associated with cognitive performance
Katrin Wasser, MD,a Sara M. Pilgram-Pastor, MD,b Sonja Schnaudigel, MD,a Tomislav Stojanovic,
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Helmut Hildebrandt, PhD,e and Andreas Kastrup, MD,a Göttingen and Oldenburg, Germany
Purpose: Carotid angioplasty and stenting (CAS) is increasingly being used as a treatment alternative to endarterectomy
(CEA) for patients with significant carotid stenosis. However, diffusion-weighted imaging (DWI) has indicated that CAS
is associated with a significantly higher burden of microemboli. This study evaluated the potential effect on intellectual
functions of new DWI lesions after CEA or CAS.
Methods: This prospective study analyzed the neuropsychologic outcomes after revascularization in 24 CAS and 31 CEA
patients with severe carotid stenosis compared with a control group of 27 healthy individuals. All patients underwent
clinical examinations, magnetic resonance imaging scans, and a neuropsychologic test battery that assessed six major
cognitive domains performed immediately before CEA or CAS, <72 hours after, and at 3 months.
Results: New DWI lesions were detected among 15 of 21 (71%) of the CAS patients immediately after treatment but in
only 1 of the 28 CEA patients (4%; P < .01). As a group, patients with new DWI lesions showed a decline in their
performance in the cognitive domains, attention, and visuoconstructive functions within 72 hours of carotid revascular-
ization. Individually, however, in none of the cognitive domains did the decreases reach a clinically relevant threshold of
z < 1.5. Moreover, the cognitive performance was not significantly different between patients with and without new
DWI lesions 3 months after treatment. The cognitive performance was similar between CEA and CAS patients at all
points.
Conclusions: The findings support the assumption that new brain lesions, as detected with DWI after CAS or CEA, do not
affect cognitive performance in a manner that is long-lasting or clinically relevant. Despite the higher embolic load
detected by DWI, CAS is not associated with a greater cognitive decline than CEA. (J Vasc Surg 2011;53:61-70.)Carotid endarterectomy (CEA) is currently the ac-
cepted standard of treatment for patients with symptomatic
internal carotid artery stenosis and in some selected patients
with a severe asymptomatic internal carotid artery stenosis.
In the past few years, however, carotid angioplasty and
stenting (CAS) has emerged as an alternative endovascular
treatment strategy. Although evidence is accumulating that
CAS can be performed with acceptable periprocedural
complication rates, CAS potentially has themajor disadvan-
tage of producing numerous microemboli to the brain.1,2
A recent meta-analysis of single-center studies in which
diffusion-weighted imaging (DWI) was used to detect new
embolic brain lesions after CAS indicated that the interven-
tion is associated with significantly higher embolization
rates than CEA.2,3 Similar results were obtained in a re-
cently published subgroup study of the International Ca-
rotid Stenting Study (ICSS), which prospectively analyzed
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doi:10.1016/j.jvs.2010.07.061the presence of at least one new DWI lesion after CAS or
CEA.3 The posttreatment scans showed about three times
more patients in the stenting group (50%) than in the
surgery group (17%) had new DWI lesions (odds ratio,
5.21; P  .0001). Although most new DWI lesions after
both CAS and CEA remain clinically silent, the potential
association of these emboli with cognitive functions is
unclear.4 Therefore, the goal of this study was to correlate
cognitive changes with new DWI lesions after CAS or CEA
using a comprehensive neuropsychologic test battery.
METHODS
This study was approved by the Ethics Committee of
the University of Göttingen. All individuals gave their
informed consent before participating in the study.
Patients. This prospective study included 55 patients
with high-grade carotid stenosis, defined as70% in symp-
tomatic patients and 90% in asymptomatic patients as
assessed with ultrasound imaging. The diagnosis of a high-
grade carotid artery stenosis was made by carotid duplex
ultrasound imaging using a combination of direct and
indirect criteria and the presence and extent of intrastenotic
and poststenotic turbulent flow. In detail, as direct criteria
for the local degree of stenosis, the peak systolic flow
velocities within the stenosis and poststenotic internal ca-
rotid artery, the diastolic peak flow velocity in the stenosis,
the internal carotid artery/common carotid artery index,
and the prestenotic and poststenotic frequency patterns
were determined. The residual vessel lumen in the B image
and the color-coded residual vessel area were documented.
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pratrochlear artery and the pulsatility of the common ca-
rotid artery were taken into account. As a key feature, a
stenosis 70% was diagnosed if the peak systolic velocity
was 200 cm/s and a stenosis 90% was diagnosed if the
peak systolic velocity was 400 cm/s.
To avoid a negative influence on the test results, exclu-
sion criteria were an upper extremity paresis of the domi-
nant side, hemianopsia, aphasia, poor German skills, or a
cognitive deficit of 27 points on the Mini Mental State
Examination. All patients received detailed information
about the potential risks and benefits of both CAS and CEA
and were treated with either procedure based on their own
decision. Because the primary aim of this study was to
evaluate the potential association of new DWI lesions with
intellectual functions regardless of the treatment modality,
the patients were not randomized to CEA or CAS. A
carotid stenosis was considered symptomatic if the patient
had experienced an ipsilateral ocular or cerebral (transient
or permanent) ischemic event within the past 6 months.
Control group. Twenty-seven healthy individuals
without a medical history of neurologic disease, who were
frequency matched for age (mean age, 65  9 [SD] years)
and length of school education, served as a neuropsycho-
logic control group. The test results of the control group
were transformed into z values, which served as reference
for the patients.
CAS procedure. CAS was performed using a stan-
dardized protocol described in detail recently.5 At least 3
days before the procedure, patients received orally admin-
istered aspirin (100 mg/d) and clopidogrel (75 mg/d).
Clopidogrel was continued for 6 weeks after CAS and
aspirin was administered indefinitely.
Cerebral angiography was restricted to the stent-prese-
lected carotid artery, and all stent procedures were per-
formed by experienced senior neuroradiologists and done
under anesthesiology stand-by. In two patients, an intra-
Table I. Neuropsychologic tests and cognitive domains
Cognitive domain
Attention TAP, subt
TAP, subt
Short-term and working memory TAP, subt
First trial o
First trials
Executive functions Wisconsin
Regard’s F
RWT, sub
Verbal learning and memory Last trials
Last trials
Nonverbal learning and memory Delayed re
Non-Verb
Spatial Re
Lern-und
Visuoconstructive functions Copy of R
RWT, Regensburger Wortflüssigkeitstest (Regensburger Word Fluency
Performance); WMS-R, Wechsler Memory Scale-R.cranial siphon stenosis was treated, and in one case, anextracranial and intracranial tandem-stenosis within the
same session, respectively. Distal filter-type embolic protec-
tion devices were used in 9 of 24 patients during the
procedure.
Carotid endarterectomy. Experienced senior vascu-
lar surgeons performed all operations with the patient
under general anesthesia. Eversion endarterectomy was
performed in 17 of 31 patients, and intraoperative shunts
were used in 13 patients.
Magnetic resonance imaging and analysis. Magnetic
resonance imaging (MRI) scans were obtained in all pa-
tients immediately before CEA or CAS, 72 hours after,
and at 3 months. MRI was performed on a 3.0 Tesla MRI
system (Siemens TIM Trio, Germany). Multislice DWI
single-shot echo planar images were acquired in all patients
using the following parameters: repetition time (TR), 4800
ms; echo time (TE), 135 ms; acquisition time (TA), 83
seconds; b, 1000 s/mm2; slice thickness, 6 mm; and dis-
tance factor, 10%. The conventional MRI sequences in-
cluded T2-weighted fluid attenuated inversion recovery
(FLAIR) turbo spin echo images (TR, 9000ms; TE, 85ms;
TA, 200 seconds; slice thickness, 6 mm; distance factor,
10%). A computed tomography angiography (CTA) or a
contrast-enhanced MRA was performed before treatment
in all patients.
MRI analysis was performed jointly by a neuroradi-
ologist (S.M.P.P.) and a neurologist (K.G.), who were
both blinded to the clinical data. All new DWI lesions
were described by their number, location in the brain,
and their size in mm2. The preinterventional angiogra-
phies were used to decide if the new DWI lesions were
inside or outside the vascular territory of the treated
artery.
Neuropsychologic evaluations. The standardized neu-
ropsychologic test battery assessed 6 major cognitive do-
mains, which are summarized in Table I and have been
Test
ertness
vided attention
orking memory
ective Reminding Test
MS-R logic memory and verbal pair association
Sorting Test
oint Test
lexical fluency with and without alterations
elayed recall of Selective Reminding Test
S-R, subtests logical memory and verbal pair association
f Rey-Osterrieth Complex Figure Test
rning Test
est
chtnistest (Learning and Memory Test)
sterrieth Complex Figure Test
TAP, Testbatterie zur Aufmerksamkeitsprüfung (Tests for Attentionalest al
est di
est w
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and d
of WM
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al Lea
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Volume 53, Number 1 Wasser et al 63● Attention functions were measured with the Testbat-
terie zur Aufmerksamkeitsprüfung (TAP, Tests for
Attentional Performance) focusing on selective atten-
tion (TAP subtest alertness) and divided attention
(TAP subtest divided attention).
● Tests that assessed short-term and working memory
included the German version of the Wechsler Memory
Scale-R (WMS-R, subtest verbal pair association, part
I, and subtest logical memory, part I), the TAP subtest
working memory, and the first trial of the Selective
Reminding Test (SRT).
● Verbal fluency tasks of the Regensburger Wortflüs-
sigkeitstest (RWT, Regensburger Word Fluency Test,
subtests lexical and semantic fluency with and without
alterations), the Regard’s Five-Point Test, and a figural
concept formation task (Wisconsin Card Sorting Test,
WCST) were used for examining executive functions.
● Verbal learning and memory were tested with the last
trials and delayed recalls of the WMS-R (subtest “ver-
bal pair association, part II, and subtest “logical mem-
ory,” part II) and of the SRT.
● Nonverbal learning and memory were measured with
the recall of the Rey-Osterrieth Complex Figure Test
(ROCF), Non-Verbal Learning Test (NVLT), the
Spatial Recall Test (SPAT), and the Lern- und
Gedächtnistest 3 (LGT-3, subtest city map).
● We also tested visuoconstructive functions (ROCF
copy).
Patients were examined three times (T): In the hospital
1 day before (T1), at 1 to 4 days (T2) after, and at 3 months
(T3) after CEA or CAS. To attenuate significant practice
effects due to serial testing, we created a parallel version of
our neuropsychologic test battery using alternate forms
available for most tests at follow-up immediately after re-
Table II. Baseline characteristics of patients according to
carotid endarterectomy (CEA)
Variable
CAS (n
No. (%) or m
Age, y 66 
Male sex 20 (
Body mass index, kg/m2 27.8 
Cerebrovascular risk factors
Diabetes mellitus 7 (
Hypertension 22 (
Hyperlipidemia 19 (
Tobacco use 12 (
Coronary artery disease 3 (
Atrial fibrillation 2 (
Presenting event
Symptomatic stenosis 17 (
Transient ischemic attack 12 (
Minor stroke 4 (
Major stroke 3 (
Lesion characteristics
Contralateral stenosis (70%) 2 (
Contralateral carotid occlusion 4 (vascularization. The same protocol was used in the controlgroup. All participants were tested individually, and the
tests were administered in the same order. All tests were
administered by a neurologist (K.W.) or a research assistant
(J.K.), both of whom were trained to administer and score
the neuropsychological tests under the supervision of a
physician experienced in neuropsychology (H.S.). They
were blinded to the results of the imaging and clinical
studies, but were not blinded to the procedure performed.
Each test score was scaled to the normative data derived
from the control group by z transformation of the raw data.
In a first step, we calculated the z scores for each cognitive
domain by averaging the z scores of its subtests. To focus
on clinically relevant impairments of cognition in individual
patients, thresholds for z scores were used in a second step.
According to Arnaiz et al,7 we defined more than one
subtest below z1.5 as a cutoff for pathologic results of
the neuropsychologic tests. We considered the domain as
pathologic when 50% of the subtests showed z values of
1.5 or less: Attention 2 of 4 pathologic subtests, exec-
utive functions 4 of 8 pathologic subtests, short-term
memory/working memory 2 of 4 pathologic subtests,
verbal learning/memory2 of 4 pathologic subtests, non-
verbal learning memory 4 of 7 pathologic subtests, and
visuoconstructive functions 1 of 1 pathologic subtest
below z  1.5.
Data collection and clinical evaluation. The follow-
ing cerebrovascular risk factors were recorded using history
or direct measurements: hypertension (blood pressure
140/90 mm Hg measured on repeated occasions or
presence of antihypertensive drugs), diabetes mellitus (he-
moglobin A1c6.5%, fasting blood glucose120mg/dL,
or presence of antidiabetic drugs), hyperlipidemia (fasting
serum cholesterol levels 220 mg/dL or statin therapy),
smoking (current or within the previous year), previous
ment by carotid angioplasty and stenting (CAS) or
) CEA (n  31)
P SD No. (%) or mean  SD
68  8 .4
23 (74) .5
28.1  4.0 .8
14 (45) .3
26 (84) .4
23 (74) .8
20 (65) .4
8 (26) .3
9 (29) .09
12 (39) .03
3 (10) .002
4 (13) .7
1 (3) .3
5 (16) .4
1 (3) .2treat
 24
ean
9
83)
3.9
29)
92)
79)
50)
13)
8)
71)
50)
17)
13)
8)transient ischemic attacks and strokes, coronary artery dis-
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minal angioplasty or surgery), and the presence of con-
tralateral carotid stenosis 70% (assessed with ultrasound
imaging or CTA).
Neurologic examinations were carried out in each pa-
tient by a stroke neurologist (A.K.) before CAS or CEA, the
day after each procedure, and after 3 months.
Statistical analysis. The averaged z scores of each
cognitive domain were analyzed by comparing T1 (ie,
before CAS or CEA) with T2 (ie, 1-3 days after CAS or
CEA) or T1 with T3 (ie, 3 months after CAS or CEA) using
repeated measures analyses of variance (ANOVA). [TIME]
was used as the within-subject factor, and [PROCEDURE]
(CAS or CEA) and postprocedural new [DWI LESIONS]
were the between-subject factors. A significant interaction
between new DWI lesions and time would indicate the
differential effect attributable to postprocedural DWI
changes. The same holds true for the interaction of the
factor [TIME] and the factor [PROCEDURE] for analyzing the
specific effect of both treatments. The repeated measures
ANOVA were adjusted for imbalanced or potentially clin-
ically relevant variables.
For comparisons of categoric data (clinical relevant
Table III. A, Imaging data and outcome of cognitive test
No.
Sex/
age
Before CEA
DWI
No./area
(mm2)
Cognitive
tests, No.
path. tests
Cognitive
domains
1-3 days
CEA D
No./a
(mm
1 M/65 0/0 5 6 0/0
2 M/59 1/630 2 6 0/0
3 F/66 0/0 5 1 0/0
4 F/73 0/0 2 None 0/0
5 M/76 0/0 4 None 0/0
6 M/63 0/0 0 None . . .
7 F/61 0/0 2 None 0/0
8 M/68 0/0 7 None 0/0
9 M/55 0/0 0 None 0/0
10 F/70 0/0 2 6 0/0
11 F/72 1/1359 9 1, 5 . . .
12 F/75 0/0 3 None 0/0
13 M/79 0/0 4 4 . . .
14 M/73 0/0 3 None 0/0
15 M/81 0/0 6 6 0/0
16 F/56 0/0 4 6 0/0
17 M/54 3/518 2 None 0/0
18 F/79 1/12 9 1, 2, 4 0/0
19 M/58 1/17 4 6 0/0
20 M/60 0/0 1 None 0/0
21 M/57 0/0 0 None 0/0
22 M/78 . . . 9 2, 4 0/0
23 M/81 0/0 2 None 0/0
24 M/63 0/0 3 6 0/0
25 M/72 0/0 3 6 0/0
26 M/60 3/88 3 2, 6 0/0
27 M/61 5/27 5 4 0/0
28 M/60 0/0 8 2, 4 0/0
29 M/77 0/0 5 2, 4 1/1
30 M/73 0/0 4 None 0/0
31 M/72 0/0 10 2, 4, 5 0/0
DWI, Diffusion-weighted imaging; F, female; FLAIR, fluid attenuation invimpairment on a single-patient level) two-tailed 2 statisticswith Yates correction and univariate Fisher exact test were
used. The Fisher exact test was used when the predicted
contingency table cell values were5. Correlation analyses
were performed using the Pearson correlation with Gauss-
ian distribution and the Spearman correlation with not
normally distributed data. A value of P  .05 was consid-
ered statistically significant. All statistical analyses were
performed using SPSS 16 software (SPSS Inc, Chicago, Ill).
RESULTS
Demographic results. The characteristics of the study
population are summarized in Table II. The patients
treated with CAS were predominantly male and more likely
to have a symptomatic carotid stenosis. The right side was
treated in 29 patients (13 CAS, 16 CEA) and the left in 26
(11 CAS and 15 CEA). Similar demographic results were
observed between patients without and those with new
DWI lesions after CEA or CAS (data not shown).
Clinical outcome measures. In the CAS group, there
was one minor stroke (increasing the National Institutes of
Health stroke scale 3 points; 4.2%) and no major stroke.
An amaurosis of the eye of the treated carotid artery devel-
oped in the patient with the minor stroke. An additional
arotid endarterectomy patients
Cognitive
tests, No.
path. tests
Cognitive
domains
3 mos after
CEA FLAIR
No./area
(mm2)
Cognitive
tests, No.
path. tests
Cognitive
domains
2 None 0/0 6 6
6 6 . . ./. . . . . . . . .
5 6 0/0 4 1
1 None 0/0 5 2
8 2, 3, 6 . . . 8 6
2 None 0/0 3 6
1 None 0/0 1 None
8 3, 4, 6 0/0 8 2, 4
0 None 0/0 0 None
2 6 . . . 5 None
8 None . . . 9 4, 5
11 4 0/0 13 2, 3, 4, 5
6 2, 4 0/0 6 4
. . . . . . 0/0 6 5
2 6 0/0 5 2
3 6 . . . . . . . . .
0 None 0/0 3 None
10 1, 4, 6 0/0 13 1, 2, 4
5 4, 6 . . . 3 None
2 None 0/0 0 None
2 6 0/0 3 None
3 None 0/0 7 4
5 6 0/0 4 4
3 6 0/0 5 2
3 6 0/0 3 None
4 None 0/0 6 2
2 6 0/0 8 2, 4
12 6 0/0 11 2, 3
10 4, 6 0/0 8 2, 4
7 4 0/0 9 2, 4
5 4, 5 0/0 12 2, 3, 4
recovery; M, male.s of c
after
WI
rea
2)
ersionpatient had discontinued his antithrombotic medication
ersion
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acute stent thrombosis developed. No strokes and deaths
occurred in the CEA patients in this series.
MRI findings. Six patients (3 CEA; 3 CAS) did not
have an MRI scan 48 hours after treatment (either de-
clined or due to scheduling difficulties), and 13 patients (6
CEA, 7 CAS) did not have a 3-month follow-up MRI.
Before each procedure, DWI revealed ischemic lesions
in 8 of 22 CAS patients (36%) treated and in 7 of 30 CEA
patients (23%; P .4). Although just one CEA patient (1 of
28, 3.6%) had a newDWI lesion postoperatively, new DWI
lesions were detected among 15 of 21 (71%) of the CAS
patients immediately after treatment (P  .01; Tables III,
A and B). The incidence of new DWI lesions was nearly
identical between CAS patients treated with (5 of 7, 71%)
and without (10 of 14, 71%) the use cerebral protection
systems (P  .99). In only 5 of 17 patients (29%) could
structural damage to brain parenchyma be seen on FLAIR
images at the same site as the postinterventional DWI
lesions on follow-up imaging after 3 months. None of these
lesions had caused detectable neurologic deficits.
Neuropsychology
Association of new DWI lesions with cognitive
performance on the group level. The repeated measures
ANOVA were adjusted for the presence of a symptomatic
stenosis, atrial fibrillation, and the presence of coronary
artery disease. These variables were significantly imbalanced
Table III. B, Imaging data and outcome of cognitive test
No.
Sex/
age
Before CAS
DWI
No./area
(mm2)
Cognitive
tests, No.
path. tests
Cognitive
domains
1-3 days
CAS D
No./a
(mm
01 M/76 . . . 4 6 . . .
02 M/66 1/161 7 6 5/1
03 F/55 0/0 1 None 0/
04 M/67 0/0 0 None 4/1
05 M/68 3/913 15 1, 2, 3, 4, 6 4/2
06 M/69 0/0 21 1, 2, 3, 4, 5, 6 0/
07 M/50 0/0 7 None 1/
08 M/68 2/43 2 None 2/1
09 M/71 3/784 3 None 1/
10 M/58 0/0 3 None 1/1
11 M/64 0/0 1 None 0/
12 M/55 0/0 1 None 0/
13 M/66 0/0 4 None 1/
14 M/67 0/0 4 4 3/3
15 M/82 0/0 3 None 1/
16 M/80 4/171 6 4 . . .
17 M/62 0/0 6 2, 4 0/
18 M/65 0/0 1 None 0/
19 M/74 0/0 0 None 7/3
20 F/44 9/457 2 6 8/3
21 M/72 1/514 5 1 5/4
22 F/69 . . . 5 None . . .
23 F/77 0/0 2 4 5/2
24 M/68 9/141 6 4 17/5
DWI, Diffusion-weighted imaging; F, female; FLAIR, fluid attenuation invbetween DWI-positive and DWI-negative patients (pres-ence of a symptomatic stenosis) or were potentially clini-
cally relevant (presence of coronary artery disease or atrial
fibrillation). Comparing T2 with T1, the patients deterio-
rated significantly in the domain executive function (F1,42 
14.91; P .001), verbal learning (F1,42 4.38; P .042),
and visuoconstructive functions (F1,43 7.19; P .01; Fig
1). There were no main effects for the factor [DWI LE-
SIONS], but there was a significant interaction between
[TIME]  [DWI LESIONS] for visuoconstructive functions
(F1,43 4.23; P .046), and a nearly significant interaction
between [TIME]  [DWI LESIONS] for attention (F1,42 
3.35; P  .074]. Comparing T3 with T1, the patients
deteriorated significantly in the domain of short-term and
working memory (F1,36  4.89; P  .03) and visuocon-
structive functions (F1,43 6.54; P .01). There were no
main effects for the factor [DWI LESIONS] and no significant
interaction between [TIME]  [DWI LESIONS].
Association of CAS or CEA on cognitive perfor-
mance on the group level. The repeated measures
ANOVA were adjusted for the presence of symptomatic
stenosis, atrial fibrillation, and coronary artery disease.
Comparing T2 with T1 (factor [TIME]), the patients dete-
riorated significantly in the domain executive function
(F1,47  14.17; P  .001) and in verbal learning (F1,46 
5.02; P  .03; Fig 2). There were no main effects for the
factor [PROCEDURE] and no significant interaction between
[TIME] and [PROCEDURE].
Comparing T3 with T1, the patients deteriorated sig-
arotid angioplasty and stenting (CAS) patients
Cognitive
tests, No.
path. tests
Cognitive
domains
3 mos after
CAS FLAIR
No./area
(mm2)
Cognitive
tests, No.
path. tests
Cognitive
domains
1 None . . . 7 4, 5
6 6 0/0 4 None
5 4 0/0 3 None
0 None 0/0 4 2
14 2, 3, 4, 6 0/0 8 2
17 1, 2, 3, 4, 6 . . . . . . . . .
3 6 . . . . . . . . .
4 None 1/16 6 None
5 6 0/0 1 None
2 6 0/0 3 None
3 None 0/0 2 None
2 None 0/0 0 None
6 4 . . . . . . . . .
9 2, 4, 6 1/5 10 5, 6
6 6 1/2 7 3
. . . . . . . . . . . . . . .
8 2, 4, 6 0/0 7 2, 4
3 6 0/0 4 4
2 6 . . . 0 None
4 6 2/43 3 None
4 None . . . . . . . . .
13 1, 2, 3, 4 0/0 11 1, 2, 4, 5
2 None 0/0 3 4
9 2, 5, 6 1/37 9 2, 4
recovery; M, male.s of c
after
WI
rea
2)
5
0
2
2
0
6
4
9
7
0
0
6
3
1
0
0
9
2
2
6
2nificantly in the domain of short-term and working mem-
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January 201166 Wasser et alFig 1. Cognitive performance according to magnetic resonance imaging data after treatment. Mean z scores ( SD)
in patients with and without new diffusion-weighted imaging (DWI) lesions after carotid revascularization before
treatment (T1), at 1 to 3 days after treatment (T2), and at 3 months after treatment (T3). ExF, Executive functions;
NVLM, nonverbal learning and memory; STM, short-term and working memory; VcF, visuoconstructive functions;
VLM, verbal learning and memory.Fig 2. Cognitive performance according to procedure. Mean z scores ( SD) before carotid endarterectomy (CEA)
or the angioplasty and stenting (CAS) procedure (T1), 1 to 3 days after CEA or CAS (T2), and at 3 months (T3) for the
six cognitive domains. ExF, Executive functions; NVLM, nonverbal learning and memory; STM, short-term and
working memory; VcF, visuoconstructive functions; VLM, verbal learning and memory.
s bef
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functions (F1,49  5.16; P  0.03; Fig 1). There were no
main effects for the factor [PROCEDURE], but there was a
significant interaction between [TIME]  [PROCEDURE] for
verbal learning (F1,41  5.68; P  .022]. The z scores
indicate an improvement of the CAS patients, whereas CEA
patients showed deterioration. In absolute terms, the dif-
ference between the both groups was 0.5 standard devi-
ations in T1 and in T3.
Association of procedure and DWI lesions with
cognitive performance on a single-patient level. Com-
pared with the control group, seven of the CEA patients
(23%) and three of the CAS patients (13%) had at least two
abnormal cognitive domains before treatment (Tables III,
A and B; and Fig 3).
After treatment, 7 of 30 CEA patients (23%) and 6
of 24 CAS patients (26%) had at least two abnormal
cognitive domains early after treatment (Tables III, A
and B and Fig 4). At 3 months after treatment, 9 of 29
CEA (31%) and 5 of 19 CAS patients (26%) had at least
two abnormal cognitive domains (Tables III, A and B;
and Fig 5).
With respect to the total number of pathologic neuro-
psychologic measures and across the entire study popula-
tion, there was no significant difference between patients
with and without new DWI lesions immediately after CAS
or CEA (median, 1 [interquartile range, 0.25-1.75] vs 1
[interquartile range, 0-1]; P  .66). In addition, there was
no association between the number of pathologic cognitive
domains and the size of new DWI lesions in the CAS
patients immediately after the procedure (r  0.1; P 
Fig 3. Cognitive function before carotid endarterecto
patients (%) showing 0 to 6 pathologic cognitive domain.74, n  21 CAS patients) or with the size of the FLAIR-positive DWI lesions after 3 months (r  0.2, P  0.6;
n  17 CAS patients).
DISCUSSION
In this study, we analyzed the association of clinically
silent DWI lesions after CEA or CAS on intellectual func-
tions using a comprehensive neuropsychologic test battery
with parallel test forms and a control group to exclude a
learning effect. We used two different approaches to ana-
lyze the data. In a first step, we calculated the z scores for
each cognitive domain by averaging the z scores of its
subtests. Moreover, to focus on clinically relevant alter-
ations of cognition in single patients, thresholds for z scores
and the numbers of pathologic subtests for each cognitive
domain were used in a second step. Our results support the
notion that new brain lesions after carotid revascularization
do not affect cognitive performance in amanner that is long
lasting or clinically relevant. Moreover, despite the higher
embolic load detected by DWI, CAS is not associated with
a greater deterioration of cognitive performance after the
procedure than CEA.
To date, several studies have tried to clarify the associ-
ation of carotid revascularization procedures with cognitive
performance and have been reviewed by De Rango et al.8
Overall, subtle cognitive impairment has been observed
repeatedly after both CEA and CAS,8 which principally
corroborates our results. Comparing the patients with the
controls on a group level showed a statistically significant
decline of their performance in several cognitive domains at
CEA) or angioplasty and stenting (CAS). Number of
ore CEA or CAS is shown.my (1 to 3 days after treatment and also at 3 months. In most
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January 201168 Wasser et alpatients, however, the decreases of the absolute z scores did
not reach a clinically significant threshold of z  1.5.7
Although differences in patient selection variables, the
choice of cognitive tests, and the postoperative interval
hamper a direct comparability between studies, a clinically
Fig 4. Number of patients (%) with 0 to 6 pathologic
(CEA) or angioplasty and stenting (CAS) is shown.
Fig 5. Number of patients (%) with 0 to 6 pathologic co
or angioplasty and stenting (CAS) is shown.relevant cognitive abnormality in approximately 25% of thepatients after CEA or CAS, as detected in this study, is in
good agreement with other reports.1,9,10 Some previous
studies found cognitive decline was associated with micro-
emboli as detected with transcranial Doppler ultrasound
imaging or DWI,11,12 whereas other studies failed to detect
itive domains 1 to 3 days after carotid endarterectomy
e domains 3months after carotid endarterectomy (CEA)cogngnitivsuch an association.1,4,13,14 Although our results princi-
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sumption that microemboli are responsible for long-lasting
neuropsychologic deficits after carotid revascularization,
we did observe a transient cognitive decline on a group
level, at least in two cognitive domains, in patients with new
DWI lesions 72 hours after treatment.
Although this finding might not be clinically relevant
on an individual basis, it does point toward an association of
these lesions and ischemic injury. In support of this notion,
we as well as other groups recently demonstrated a close
correlation between the total number of new DWI lesions
and clinical outcome after CAS.3,15 The lack of a long-
lasting effect of newDWI lesions on cognition could reflect
the common observation that almost all of the new DWI
lesions after both CEA and CAS are small and do not cause
permanent ischemic damage. In fact, structural damage on
FLAIR images after 3 months was observed in only 31% of
the CAS patients in this study. Other groups have reported
similar results.3,16 Because the number of patients, espe-
cially those with DWI lesions leading to permanent struc-
tural damage on FLAIR images after carotid revasculariza-
tion, involved in this study was relatively small, larger
studies are thus needed to analyze the long-lasting effects of
FLAIR-positive DWI lesions on cognition.
In principle, other nonembolic mechanisms, such as
hypoperfusion or inflammatory reactions among others,
could also lead to cognitive deterioration after carotid
revascularization and thus account for the observed miss-
ing association between the embolic lesion burden and
cognitive outcome. Understanding the relationship be-
tween these factors and cognitive decline could become
useful for a better risk stratification to improve cognitive
outcomes.
It is noteworthy to point out that the missing associa-
tion between embolic lesions and cognitive outcome 3
months after CEA or CAS observed in this study contrasts
with recent results obtained in patients after coronary artery
bypass grafting.17 In that study, Barber et al17 found a
significant association between the microembolic lesion
burden and cognitive decline in patients treated with bypass
grafting. Although the number of new DWI lesions as well
as their size were not grossly different than in our study, the
hemodynamic circumstances of cardiopulmonary bypass
during the period of embolization could at least partially
account for the discrepant results.
Apart from shifting our thinking away from acute isch-
emic events as a cause of postinterventional cognitive de-
cline, a 70% incidence of new DWI lesions after CAS
compared with 4% after CEA deserves comment. Although
significantly more patients had a symptomatic carotid ste-
nosis in the CAS group than in the CEA group and thus
probably had a higher risk for dislodgement of emboli
during the procedure, a recent meta-analysis of single-
center studies also indicated that CAS is associated with
significantly higher embolization rates than CEA.2 Like-
wise, about three times more patients in the stenting group
than in the surgery group had new DWI lesions on post-
treatment scans in a subgroup of patients treated within theICSS study (50% after CAS vs 17% after CEA; odds ratio,
5.21; P .0001).3 Against the background of a correlation
between the total number of new DWI lesions and clinical
outcome after CAS,14 further efforts are definitely needed
to improve the safety of this technique.
Strengths of our study include the evaluation of a
control group and the use of parallel versions for most of
the cognitive tests. The rather small number of patients is
the major limitation. With respect to the association of new
DWI lesions on cognitive performance, the highest effect
size was 0.29 for the domain nonverbal learning. With
respect to the association of the procedure on cognitive
performance, the highest effect size was 0.39 for the do-
main verbal learning, followed by 0.21 for the domain
visuoconstructive functions. These data indicate the opti-
mal sample sizes would have been approximately 100 to
300 patients per group (DWI positive vs DWI negative or
CAS vs CEA), depending on the cognitive domain ana-
lyzed. However, it should be pointed out that the differ-
ences of the mean values for the cognitive domains were all
well below a clinically relevant cutoff score of 1.5 SD and
even below 0.5 SD.
CONCLUSIONS
We found that carotid revascularization procedures
lead to measurable decreases in cognitive performance early
as well as at 3 months after treatment in many patients.
However, these changes were small in most of the patients
and thus were not clinically relevant. Similarly, new brain
lesions as detected with DWI after either CAS or CEA do
not affect cognitive performance in a clinically relevant
manner. Therefore, other nonembolic mechanisms need to
be evaluated in more detail to improve our understanding
of the key mechanisms leading to cognitive alterations after
carotid revascularization.
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